Synaptic vesicle docking, priming, and fusion at active zones are orchestrated by a complex molecular machinery. We employed hippocampal organotypic slice cultures from mice lacking key presynaptic proteins, cryofixation, and three-dimensional electron tomography to study the mechanism of synaptic vesicle docking in the same experimental setting, with high precision, and in a near-native state. We dissected previously indistinguishable, sequential steps in synaptic vesicle active zone recruitment (tethering) and membrane attachment (docking) and found that vesicle docking requires Munc13/CAPS family priming proteins and all three neuronal SNAREs, but not Synaptotagmin-1 or Complexins. Our data indicate that membrane-attached vesicles comprise the readily releasable pool of fusion-competent vesicles and that synaptic vesicle docking, priming, and trans-SNARE complex assembly are the respective morphological, functional, and molecular manifestations of the same process, which operates downstream of vesicle tethering by active zone components.
INTRODUCTION
Neuronal synaptic signaling is initiated by Ca 2+ -dependent fusion of synaptic vesicles (SVs) with the plasma membrane (PM). SV fusion is mediated by the PM t-SNAREs Syntaxin-1 (Stx-1) and SNAP-25, and the SV membrane v-SNARE Synaptobrevin-2 (Syb-2), which act in conjunction with the SM-protein Munc18-1. SNARE proteins are required for all cellular membrane fusion processes and contain conserved 60-70 amino acid stretches that form a stable four-a-helical SNARE complex, whose assembly is thought to provide the energy required for membrane fusion (Jahn and Scheller, 2006) . Accordingly, SNAREs can induce liposome fusion in vitro, albeit with slower kinetics than neuronal Ca 2+ -triggered SV fusion, indicating that SNARE regulators and modulatory proteins are required upstream of the SV fusion reaction to achieve the speed and fidelity of synaptic excitation-secretion coupling (Jahn and Scheller, 2006; Rizo and Sü dhof, 2012) . The dissection of the molecular steps preceding Ca 2+ -dependent vesicle fusion has been technically challenging. The current model poses that SVs attach, or ''dock,'' to the presynaptic active zone (AZ), and subsequently undergo a maturation process that renders them fusion competent, or ''primed,'' leading to a readily releasable pool (RRP) of SVs that can rapidly fuse upon Ca 2+ stimulation (Sü dhof, 2013) .
However, the underlying molecular processes are still largely enigmatic. In yeast homotypic vacuole fusion, three molecularly defined processes precede the fusion reaction, i.e., (1) an ATP-dependent ''priming'' step that is operationally different from SV ''priming,'' involves cis-SNARE complex disassembly by NSF/Sec18 and a-SNAP/Sec17, and thus provides free SNAREs to drive fusion, (2) the initiation of a loose contact between vacuole membranes by large ''tethering'' complexes, and (3) the tight ''docking'' of vacuoles via trans-SNARE complexes (Mayer and Wickner, 1997; Nichols et al., 1997; Ostrowicz et al., 2008) . The accurate assessment of vesicle docking requires electron microscopy (EM) to resolve intermembrane distances in the nm range (Verhage and Sørensen, 2008) . Information on proteins involved in docking of SVs and other secretory vesicles is sparse and partly inconclusive. For example, the notion that the vesicular Ca 2+ sensor Synaptotagmin-1 (Syt-1) mediates vesicle docking by binding to Stx-1/SNAP-25 complexes in the PM (de Wit et al., 2009 ) has remained contentious, because the massive large dense-core vesicle (LDCV) docking defect in Syt-1 knockout (KO) chromaffin cells is not paralleled by a strong secretion defect (Schonn et al., 2008) and Syt-1 loss hardly affects the RRP in synapses (Geppert et al., 1994; Liu et al., 2009 ).
Important reasons for these inconsistencies are that the experimental assessment of vesicle docking is technically challenging and that diverse preparations, cell types, sample fixation methods, imaging approaches, and docking definitions have been employed. Chemical fixation confounds the determination of SV docking as defined by direct PM attachment, because sample fixation and dehydration induce SV fusion (Smith and Reese, 1980) , sample shrinkage, and membrane deformations (Murk et al., 2003) . Further, the limited z resolution of electron micrographs from ultrathin sections (50-100 nm) impedes the identification of SV docking as SV midlines are often not contained within the section. To circumvent these problems, most classical analyses employed criteria where SVs within a certain distance of the AZ, i.e., 30 (Richmond et al., 1999) , 40 (Broadie et al., 1995) , or 50 nm (Hess et al., 1993) , were defined as docked, assuming that SV populations within these distances are functionally homogeneous. Due to these methodological and interpretative ambiguities, past studies on vesicle docking are difficult to reconcile (Table S1 available  online) .
Unlike SV docking, SV priming can be measured electrophysiologically by quantifying the RRP size (Rosenmund and Stevens, 1996) . As with yeast vacuole fusion, SV priming and fusion are dependent on the availability of free SNAREs provided by a/b-SNAP and NSF activity (Burgalossi et al., 2010; DeBello et al., 1995; Ma et al., 2013) . However, the SV priming reaction itself is executed by dedicated priming proteins of the Munc13 and CAPS families, which are not expressed in yeast but represent key determinants of the speed and fidelity of synaptic excitation-secretion coupling and are absolutely essential for neurotransmitter release (Jockusch et al., 2007; Varoqueaux et al., 2002) . Several lines of evidence indicate that SV priming involves the regulation of SNARE protein conformation (Ma et al., 2011) and partial SNARE complex assembly (Walter et al., 2010; Weber et al., 2010) , but the notion of stable, zippered SNARE complexes occupying an energetically favorable state prior to fusion has remained highly controversial (van den Bogaart et al., 2011; Jahn and Fasshauer, 2012; Rizo and Sü dhof, 2012) . Proteins implicated in the stabilization or clamp-like arrest of partially assembled SNARE complexes prior to fusion include the Ca 2+ -sensor Syt-1 (Chicka et al., 2008; Liu et al., 2009) and Complexins (CPXs) Tang et al., 2006) , which both also facilitate SV fusion (Geppert et al., 1994; Reim et al., 2001; Xue et al., 2008; Yang et al., 2013) .
Based on an approach that circumvents most of the ambiguities of classical SV docking analyses (Weimer et al., 2006) , we used organotypic hippocampal slice cultures from mutant mice, high-pressure freezing (HPF), freeze substitution (FS), and electron tomography (ET) of synapses to systematically characterize the molecular and morphological nature of the docked and primed SV states with nanometer accuracy. Our data indicate that SV and yeast vacuole fusion are preceded by similar and possibly conserved tethering and docking processes and that SV docking, priming, and trans-SNARE complex assembly are the respective morphological, functional, and molecular manifestations of the same process, operating downstream of SV tethering.
RESULTS

Ultrastructure of Mouse Hippocampal Organotypic Slice
Cultures HPF and FS yielded excellent ultrastructural preservation of hippocampal organotypic slice cultures. Well-preserved samples were characterized by a densely packed neuropil with smooth, continuous membranes exhibiting parallel bilayers (Figures 1 and S1 ).
In tomograms, SVs that appeared in direct physical contact with the AZ were considered docked ( Figures 1D1 and 1D2 ). Such PM-attached, or docked, SVs were assigned a 0-2 nm distance from the AZ, since our ET analysis was limited by an isotropic voxel size of 1.6 nm. Although not in direct AZ contact, some SVs appeared linked to the PM by short filaments (<5 nm length) ( Figures 1E1 and 1E2 ), which had previously been described in cryo-ET analyses of synaptosomes and had been interpreted as assembled SNARE complexes of SVs in the RRP (Ferná ndez-Busnadiego et al., 2010) . Additionally, some SVs within 45 nm of the AZ were shown to be connected to the PM via single long tethers of unknown identity (Ferná ndezBusnadiego et al., 2010 , 2013 Siksou et al., 2007 Siksou et al., , 2009 ). In our analyses, closely tethered SVs ( Figures 1E1 and 1E2) were not scored docked, but the number of SVs within 0-5 nm of the AZ was quantified separately (Table 1) .
Rarely observed SVs with an open fusion pore ( Figure 1F1 ) or full collapse fusion events ( Figure 1F2 ) were excluded from the analysis. Occasionally, inward PM curvature, consistent with early, ultrafast endocytotic events (Watanabe et al., 2013) , was visible near AZs ( Figures 1G1, 1G2 , and S1D-S1F). Only one tomogram from a heterozygous SNAP-25 knockout (KO) exhibited a structure resembling bulk membrane retrieval (Figure S1G) . Summaries of all ET and 2D-EM data are presented in Tables 1 and S2 , respectively.
Munc13 and CAPS Family Priming Proteins Are Required for SV Docking
Munc13s are essential regulators of synaptic transmission. Munc13-deficient neurons lack a measurable RRP and thus show no spontaneous or evoked SV fusion (Varoqueaux et al., 2002) . Studies employing HPF and FS to prepare samples for EM showed that loss of Munc13/UNC-13 proteins in neurons causes severe deficits in SV docking in C. elegans (Weimer et al., 2006) and mice (Siksou et al., 2009) . We reanalyzed the role of Munc13s in SV docking and confirmed that in contrast to control (CTRL) synapses, synapses lacking Munc13s have almost no docked SVs (Figures 2A-2F ). SVs in Munc13-1/2 double knockout (Munc13 DKO) synapses had the tendency to accumulate close (8-10 nm) to the AZ PM ( Figure 2E ), explaining why the number of PM-proximal SVs (0-40 nm) was unchanged between groups ( Figure 2H ). Focusing on the SV distribution within 40 nm of the AZ, we observed a significant reduction in the number of SVs within 0-5 nm in Munc13 DKO synapses, whereas SV numbers within 5-20 nm were significantly increased as compared to CTRLs ( Figure 2G ).
In Munc13 DKO synapses, we further observed an increased SV diameter ( Figure S5A ) and a 28% increase in SV volume (Figure S5B) , a previously unknown consequence of Munc13 loss.
Out of 15 Munc13 DKO tomograms, only one showed three docked SVs, which were on average still larger than docked SVs in CTRL tomograms ( Figure S5C ). This increase in SV size in Munc13 DKO synapses explains the reduction in the number of SVs within 100 nm of the AZ (Table 1 ) and the small decrease in SV cluster density ( Figure S2E ). Analyses of gross synaptic morphology and total SV numbers ( Figures S2A-S2D ) revealed no further changes, except for a small increase in the number of endosomes in Munc13 DKO terminals ( Figure S2G ).
Given their structural and functional similarity to Munc13s, we next studied the role of CAPSs in SV docking. Despite the severe neurotransmission deficits in CAPS-1/2 DKOs (CAPS DKOs), including a dramatic decrease in the RRP size (Jockusch et al., 2007) , the role of CAPSs in SV priming has been debated, mostly because loss of CAPS orthologs in C. elegans (Speese et al., 2007) and Drosophila (Renden et al., 2001 ) causes primarily defects in neuronal LDCV fusion. We found a dramatic reduction in the number of docked SVs in CAPS DKO synapses ( Figures 2I-2N ) but no changes in SV numbers within 40 or 100 nm of the AZ ( Figure 2P and Table 1 ). Twelve out of 19 CAPS DKO synapses (62%) had no PM-attached SVs, and the remaining synapses showed an 82% reduction in the number of docked SVs (%2 docked SVs/profile) as compared to CTRLs (5 docked SVs/profile). This correlates well with the fact that 38% of CAPS DKO autap- tic neurons lack primed SVs, with the remaining cells exhibiting an 85% reduction in the RRP size (Jockusch et al., 2007) . Since only subvolumes of presynapses were reconstructed and CAPS DKO tomograms never exhibited more than 1-2 SVs per subvolume, we probably underestimated the number of synapses capable of SV docking/priming. These data show that CAPSs, like Munc13s, are required for SV priming (Jockusch et al., 2007) and docking. However, in contrast to Munc13 DKO synapses, CAPS DKO synapses did not accumulate SVs in proximity to the AZ, but rather exhibited a uniform SV distribution within 100 nm of the AZ ( Figure 2M) , with an increased number of SVs within 10-40 nm of the AZ, as compared to CTRLs ( Figure 2O ). Moreover, SV size ( Figures  S5D-S5F ), SV numbers, and synaptic morphology assessed by 2D-EM ( Figures S2H-S2N ) of CAPS DKO synapses were similar to CTRLs, except for a slightly reduced SV cluster density. In contrast to a recent study (Sadakata et al., 2013) , these data indicate that the severe SV docking and priming defects in CAPS DKO synapses are likely not due to reduced SV numbers.
In summary, our data show that Munc13 and CAPS family SV priming proteins mediate SV docking at the AZ, indicating that docked SVs form the RRP of fusion-competent SVs in neurons.
The SNAREs SNAP-25, Stx-1, and Syb-2 Are Required for SV Docking SV priming by Munc13s (Ma et al., 2011) and CAPSs (James et al., 2009; Parsaud et al., 2013 ) is thought to involve interactions with Stx-1 and other SNAREs. Ultrastructural studies using chemical fixation have failed to reveal an involvement of t-SNAREs in SV docking in mammalian neurons (Bronk et al., 2007; de Wit et al., 2006) , but data obtained in C. elegans indicate that Stx plays a role in SV docking (Hammarlund et al., 2007) . To assess the role of the t-SNARE acceptor complex in SV docking, we analyzed a SNAP-25 KO and a Stx-1A/B KO/ hypomorph mouse line. SNAP-25 KO neurons degenerate in low-density (Washbourne et al., 2002) but survive in high-density cultures (Bronk et al., 2007) . SNAP-25 KO slices appeared thinner than CTRL slices, but no obvious reduction in synapse density was observed by qualitative EM analysis. ET revealed a strong decrease in the number of docked SVs in SNAP-25 KO samples, with 13 out of 25 KO synapses completely lacking docked SVs ( Figures  3A-3F ). Reminiscent of the Munc13 DKO phenotype, SNAP-25 KO synapses accumulated SVs in close proximity to the AZ, albeit slightly closer at 4-8 nm ( Figure 3E ). As a consequence, the number of SVs within 5-20 nm of the AZ was increased in SNAP-25 KO synapses, as compared to CTRLs ( Figure 3G ), although the overall number of SVs within 40 nm of the AZ was unchanged ( Figure 3H ). Moreover, the mean SV diameter in SNAP-25 KO synapses was increased to 53 nm from 46 nm in CTRL samples (Figure S5G;  Table 1 ), causing a 48% increase in SV volume ( Figure S5H ). The combination of a major docking deficit and an increased SV size in SNAP-25 KO synapses explains the observed reductions in SV numbers within 100 nm (Table 1) and 30-60 nm of the AZ (Figure 3G) , since the greater volume occupied by PM-proximal SVs shifts ''second row'' SVs farther from the AZ. The increased SV size also accounts for the reduced SV terminal ( Figure S3D ) and cluster density ( Figure S3E ) detected by 2D-EM analysis ( Figures S3A-S3G) . Additionally, the number of apparent endosomal structures in SNAP-25 KO synapses was increased ( Figure S3G ).
To assess the role of Stx-1 in SV docking, we analyzed a knockin mouse line expressing Stx-1B fused to YFP in a Stx-1A KO background (Stx-1A KO/B YFP ) (Arancillo et al., 2013) .
The expression level of YFP-tagged Stx-1B in Stx-1A KO/B YFP mice is dramatically reduced from wild-type (WT) levels, causing an 65% reduction in the RRP and changes in the SV distribution within 40 nm of the AZ as assessed by ET analysis of chemically fixed neurons (Arancillo et al., 2013) . We detected a 38% reduction in the number of docked SVs in Stx-1A KO/B YFP synapses ( Figures 3I-3N ). No changes in the size ( Figures S5L-S5N ) or the spatial distribution of SVs were observed (Figures 3M, 3O, and 3P and Table 1 ). However, 2D-EM analyses of Stx-1A KO/B YFP synapses ( Figures S3H-S3N ) revealed a decrease in the SV cluster density (Arancillo et al., 2013) and a small increase in the number of endosomal structures. To complete our analysis of the main synaptic SNAREs, we investigated the role of the v-SNARE Syb-2 in SV docking. Syb-2 KO was previously shown to cause a 90% reduction in the RRP (Schoch et al., 2001 ), but no change in the number of docked SVs in neurons was observed (Deá k et al., 2004) . Our analysis of Syb-2 KO terminals ( Figures 4A-4D ) revealed a severe reduction in the number of docked SVs ( Figures 4E and 4F ) and a prominent accumulation of SVs close (4-8 nm) to the AZ ( Figure 4E ), reflected by an increased number of SVs within 5-20 nm of the AZ ( Figure 4G ). Syb-2 KO synapses showed no changes in the number of SVs within 40 or 100 nm of the AZ ( Figure 4H and Table 1 ) or in the number of presynaptic SVs as quantified by 2D-EM ( Figures S4A-S4D ). However, PSDs in Syb-2 KO synapses were slightly longer than in CTRLs ( Figure S4F ), which is only partially explained by a slight but not significant increase in terminal size (CTRL 0.398 mm 2 ± 0.014; Syb-2 KO 0.431 mm 2 ± 0.013, p > 0.05, ns).
Similar to Munc13 DKO or SNAP-25 KO synapses, Syb-2 KO synapses exhibited an increased mean SV diameter of 49 nm, as compared to 46 nm in CTRLs ( Figure S5O ; Table 1 ), causing a 25% increase in SV volume ( Figure S5P ). The increased SV size shifts ''second row'' SVs to a greater distance from the AZ, which accounts for the reduced number of SVs within 40-50 nm of the AZ in Syb-2 KO synapses ( Figure 4G ). Moreover, the number of presynaptic endocytotic structures was increased in Syb-2 KO synapses ( Figure S4G ).
In summary, our data indicate that the three major neuronal SNAREs Stx-1, SNAP-25, and Syb-2 play key roles in SV docking to the AZ PM.
Loss of Individual SNAREs Can Be Partially Compensated
A comparison of individual docking profiles from Syb-2 KO tomograms ( Figure 4F ) revealed that 16 out of 24 Syb-2 KO synapses (66%) had few or no docked (ND) SVs (Figures 4C and 4D Figure 5F and Table 1 ) with KO ND synapses exhibiting a prominent SV accumulation close (4-8 nm) to the AZ ( Figure 5E ). Similar to Syb-2 KO samples, SNAP-25 KO neurons exhibited a substantial degree of variability in the number of docked SVs per synapse ( Figure 3F ), with 13 out of 25 tomograms (52%) completely lacking docked SVs (nondocked, SNAP-25 KO ND ; Figures 3C and 3F ), whereas the rest exhibited docked SVs, albeit not in comparable numbers as CTRLs ( Figures 5C, 5D , and 5M; CTRL 1.13 ± 0.13; SNAP-25 KO D 0.50 ± 0.08, p = 0.003). SV docking was severely reduced in SNAP-25 KO ND in comparison to KO D synapses ( Figure 5M and Figure 5L ).
To test whether the presence of a paralog might account for the SV docking in a subset of Syb-2 KO synapses, we analyzed the localization of immunolabeled Syb-1 in organotypic slices. Confocal microscopy of WT slices showed a specific punctate labeling of Syb-2, which highly colocalized with VGLUT1 but was absent in Syb-2 KO cultures (data not shown). In CTRLs, Syb-1 labeling revealed large immunoreactive puncta ( Figure 5G ) that colocalized with only 8% of VGLUT1-positive synapses ( Figure 5K ), indicating that Syb-1 is mainly localized to nonglutamatergic synapses in WT slices. Syb-2 KO slices exhibited an increase in the number of Syb-1-positive puncta (Figures 5G and  5H ; CTRL 1 ± 0.1; Syb-2 KO 3.25 ± 0.28, p < 0.001) and in the extent of colocalization with VGLUT1 ( Figure 5K ; CTRL 7.41% ± 1.40%; Syb-2 KO 31.25% ± 2.92%, p < 0.001), indicating Syb-1 upregulation in glutamatergic synapses in the absence of Syb-2. Moreover, the number ( Figure 5I ; CTRL 1 ± 0.03; Syb-2 KO 1.21 ± 0.03, p < 0.001) and size of VGLUT1-immunoreactive puncta ( Figure 5J ; CTRL 1 ± 0.06; Syb-2 KO 1.53 ± 0.06, p < 0.001) were increased in Syb-2 KO slices. Thus, mature organotypic hippocampal Syb-2 KO slices exhibit a compensatory increase in the number of Syb-1-positive glutamatergic synapses to 31%, probably accounting for the observation that 33% of all Syb-2 KO synaptic profiles analyzed by ET still harbored docked SVs.
A large percentage of SNAP-25 KO neurons degenerate in culture (Delgado-Martínez et al., 2007; Washbourne et al., 2002) , indicating that survival of the remaining neurons probably requires an alternative, yet unknown SNARE. To test this notion, we focused on SNAP-23 since its overexpression in SNAP-25 KO neurons rescues the reduction in RRP sizes but not the impaired evoked transmitter release (Delgado-Martínez et al., 2007) . SNAP-23 immunoreactivity often appeared in apposition to, but not overlapping with, VGLUT1 signals in both genotypes, indicating a potential postsynaptic localization, as has been described previously (Suh et al., 2010) . The number of SNAP-23-positive puncta (Figures 5N and 5O ; CTRL 1 ± 0.09; SNAP-25 KO 1.37 ± 0.13, p = 0.230) and the number ( Figure 5P ; CTRL 1 ± 0.06; SNAP-25 KO 1.60 ± 0.04, p < 0.001) and size of VGLUT1-immunoreactive puncta ( Figure 5Q ; CTRL 1 ± 0.05; SNAP-25 KO 1.90 ± 0.07, p < 0.001) were increased in SNAP-25 KO slices. Colocalization of SNAP-23 and VGLUT-1 signals, though only rarely observed, increased in SNAP-25 KO slices (Figures 5N and 5R ; CTRL 5.78% ± 0.78%; SNAP-25 KO 13.61 ± 1.81, p < 0.001). However, the comparable increase in incidental colocalization in SNAP-25 KO slices (see Supplemental Experimental Procedures) indicates that the apparent increase in association between SNAP-23 and VGLUT1 in SNAP-25 KO slices is related to a generalized increase in labeling densities rather than to specific SNAP-23 upregulation in glutamatergic synapses. It is therefore unlikely that SNAP-23 compensates substantially for the loss of SNAP-25 in neurons. SNAP-29 and SNAP-47 Steegmaier et al., 1998) , other neuronal SNAP-25 paralogs, are similarly unlikely to significantly compensate for a loss of SNAP-25, because SNAP-29 has been proposed to inhibit synaptic transmission (Pan et al., 2005) , cultured excitatory SNAP-29 KO neurons do not show deficits in basic synaptic transmission (N. Sivakumar, G. Wieser, S. Gö bbels, N.B., and J.-S.R., unpublished data), and SNAP-47 is mainly present on intracellular membranes and SVs . Given that Stx-1A/B DKO neurons degenerate in culture, it is unlikely that another Syntaxin paralog is playing a significant compensatory role. Thus, residual SV docking in Stx-1A KO/B YFP synapses is probably mediated by the remaining Stx-1B. In summary, the presence of a small pool of docked SVs in the absence of the major synaptic SNAREs is probably attributable to a compensatory effect by other SNARE paralogs. Consistent with a recent report on the roles of Syb-1 and Syb-2 in presynaptic function (Zimmermann et al., 2014) , such a compensatory effect appears to operate in Syb-2 KO synapses, where an upregulation of Syb-1 can rescue SV docking in a subset of glutamatergic synapses. The SNAREs capable of compensating for the loss of SNAP-25 remain unknown, although it cannot be excluded that some SV docking occurs in the absence of any Figures S5J and S5K ). The finding that docked SVs were also larger in Munc13 DKO, Syb-2 KO, and SNAP-25 KO synapses ( Figure S5C , S5I, and S5Q) indicates that increased SV size is not causally linked to the observed docking phenotypes. The altered SV size in SNAP-25 and Syb-2 KO synapses may reflect perturbed SV recycling due to aberrant endocytosis (Zhang et al., 2013) . In support of this notion, increased SV sizes are also seen upon knockdown (KD) or blockade of the endocytotic Syb-2 adaptor AP180 (Koo et al., 2011; Morgan et al., 1999; Zhang et al., 1998) . The 28% increase in SV volume observed in Munc13 DKO synapses is more difficult to explain, but one possible reason could be that the constant block of SV fusion in these synapses prevents vesicular proteins (i.e., Syt-1, Syb-2) required for endocytosis from reaching the PM (Diril et al., 2006; Koo et al., 2011) . However, synaptosomes lacking RIM1a, a major Munc13 binding partner at the AZ, exhibit a similar increase in SV volumes (Ferná ndez-Busnadiego et al., 2013) as Munc13 DKO synapses, yet RIM1a KO synapses are capable of SV fusion (Schoch et al., 2002; Andrews-Zwilling et al., 2006; Han et al., 2011; Deng et al., 2011) . These data on RIM1a, along with our finding that CAPS DKO synapses have normally sized SVs despite severely impaired SV docking and synaptic transmission, indicate that the increased SV size in Munc13 DKO synapses cannot solely be attributable to the complete block of synaptic transmission.
Syt-1 Is Not a Major SV Docking Protein
The role of the exocytotic Ca 2+ sensor Syt-1 in SV docking and priming in mammalian neurons is unclear. The massive LDCV docking defect seen upon Syt-1 deletion in chromaffin cells is paralleled by only minor defects in secretion (de Wit et al., 2009) , indicating that LDCV docking in chromaffin cells may not be directly related to LDCV priming and fusion. To examine the role of Syt-1 in SV docking, we extended our analysis to Syt-1 KO mice. Docked SV numbers were reduced in Syt-1 KO synapses by 39% (Figures 6A-6F) . In contrast to all other analyzed mutants, Syt-1 KO synapses exhibited an 23% decrease in SV number within 40 nm of the AZ membrane (Figure 6H) and lacked the accumulation of SVs close to the AZ seen in Munc13, SNAP-25, and Syb-2-deficient synapses (Figure 6E) . A detailed analysis of SV distributions revealed that the reduction of SV numbers within 40 nm of the AZ in Syt-1 KO synapses is caused by a significant loss of SVs within 0-5 nm of the AZ ( Figure 6G and Table 1 ). SV terminal and cluster density were also reduced in Syt-1 KO synapses ( Figures S6A-S6G ). Considering that SV numbers per synapse were unchanged ( Figure S6C ), the reduced SV densities probably reflect the slightly larger terminal area sampled in Syt-1 KO synapses (CTRL: 0.335 mm 2 ± 0.012; Syt-1 KO: 0.373 mm 2 ± 0.014, p < 0.05). SV size ( Figures S5T and S5U ), PSD length (Figure S6F) , and the number of endosomal structures ( Figure S6G ) were comparable between groups. Thus, Syt-1 KO neurons exhibit a small decrease in the number of SVs near the AZ, with a consequent reduction in the number of docked SVs, indicating a minor and indirect role of Syt-1 in SV docking. These findings are in line with the fact that the RRP size in cultured hippocampal neurons is only minimally affected upon Syt-1 KO (Geppert et al., 1994; Liu et al., 2009 ), but they do not corroborate the observation that Syt-1 KO perturbs SV docking in C. elegans and Drosophila synapses (Jorgensen et al., 1995; Reist et al., 1998; Yu et al., 2013) .
To test whether an upregulation of Syt-1 paralogs might compensate for the loss of Syt-1 and thus account for the lack of an SV docking deficit in Syt-1 KO neurons, we focused on Syt-4, Syt-7, and Syt-11, which are coexpressed with Syt-1 in the hippocampus (Bacaj et al., 2013) . We performed a quantitative western blot analysis of homogenates of organotypic Syt-1 KO and CTRL slices to assess potential changes in protein expression of the respective Syt isoforms. All tested Syt isoforms exhibited slight but nonsignificant trends toward increased expression levels in Syt-1 KO slices (Syt-4 -CTRL 1 ± 0.16, n = 3; Syt-1 KO 1.29 ± 0.13, n = 3; p = 0.22; Syt-7 -CTRL 1 ± 0.17, n = 3; Syt-1 KO 1.29 ± 0.06, n = 3; p = 0.17; Syt-11 -CTRL 1 ± 0.24, n = 3; Syt-1 KO 1.62 ± 0.19, n = 3; p = 0.12), although the respective mRNA levels are not changed in cultured Syt-1 KO neurons (Bacaj et al., 2013) .
Based on these findings, it cannot be excluded that alternative Syt isoforms compensate for Syt-1 loss as regards its role in SV docking. However, such a scenario is difficult to reconcile with the facts that Syt-1 KO has only an indirect effect on SV docking (Figures 6, S5 , and S6; Table 1), that Syt-1 is by far the most abundantly expressed Syt isoform on SVs and in presynaptic terminals , and that multiple lines of evidence indicate nonredundant characteristics and functions of the Syt isoforms we studied (Bacaj et al., 2013; Dai et al., 2004; Geppert et al., 1994; Maximov et al., 2008; von Poser et al., 1997; Schonn et al., 2008) .
CPXs Have a Postdocking Role in the SV Cycle Murine CPXs were initially proposed to facilitate Ca 2+ -triggered SV fusion at a postpriming step, since evoked release and SV release probability are drastically reduced in cultured hippocampal neurons from CPX-1/2/3 TKO (CPX TKO) mice, with no changes in RRP or the number of docked SVs (Reim et al., 2001; Xue et al., 2008) . Conflicting evidence, mainly based on biochemical studies in vitro and genetic studies in C. elegans and Drosophila, indicates that CPXs might also play an inhibitory role by acting as fusion clamps that prevent spontaneous SV fusion (Giraudo et al., 2006; Huntwork and Littleton, 2007; Wragg et al., 2013) . Recent experiments involving KD of CPXs in cortical neurons even indicate a role for CPXs in SV priming . CPX TKO slices exhibited no changes in the number of docked, and therefore possibly primed, SVs ( Figures 6I-6N ), in SV size ( Figures S5W-S5Y ), or in SV distribution ( Figures 6M,  6O , and 6P), except for a small increase in SV numbers within 100 nm of the AZ (Table 1) . 2D-EM analyses ( Figures S6H-S6N ) revealed no changes in SV numbers or synaptic morphology. Since total presynaptic and docked SV populations are unaffected upon CPX TKO, we interpret our data to indicate that CPXs act downstream of SV docking.
Differential Roles of SNAREs and SV Priming Proteins in Synaptic LDCV Secretion
Since all proteins analyzed in the present study have also been implicated in chromaffin cell LDCV fusion (Ashery et al., 2000 ; (Table S3 ). In SNARE mutant tomograms, we observed LDCVs close to but not in contact with the AZ ( Figures  7A-7F ). The number of LDCVs within 200 nm of the AZ was increased in Syb-2 KO, SNAP-25 KO (n.s.), and Stx-1A KO/B YFP mutants ( Figure 7G ). Presynaptic LDCV accumulation in SNARE mutants was also evident by 2D-EM (Figure 7H ). These data support the notion that all three SNAREs are required for neuronal LDCV fusion. In Munc13 DKO, CAPS DKO, Syt-1 KO, and CPX TKO synapses, the number of LDCVs within 200 nm of the AZ was unchanged (Figures 7G and 7H) . Although in line with previous data (Jockusch et al., 2007) , our finding of unchanged presynaptic LDCV numbers in murine CAPS DKO neurons is in conflict with a recent study indicating a loss of LDCVs in CAPS-1-deficient mouse neurons (Sadakata et al., 2013) . Moreover, C. elegans and Drosophila presynapses accumulate undocked LDCVs in the absence of their respective CAPS homologs (Hammarlund et al., 2008; Renden et al., 2001) . Despite evidence demonstrating an involvement of Munc13s in synaptic but not extrasynaptic LDCV secretion (van de Bospoort et al., 2012) , we demonstrate that LDCVs do not accumulate in synapses in the absence of Munc13s.
Neuron
The Primed State of Synaptic Vesicles
DISCUSSION Membrane Attachment as the Morphological Manifestation of SV Priming
To analyze synaptic ultrastructure by HPF, FS, and ET in mouse mutants that lack key components of the SV cycle and exhibit perinatally lethal phenotypes, we employed a hippocampal organotypic slice culture system, which yielded well-vitrified samples with minimally perturbed ultrastructure (Figure 1) .
In synaptic subvolumes from 200-nm-thick sections, we observed 5-6 docked SVs per CTRL profile (Figures 1, 2, 3 , 4, and 6). Since the mean AZ area sampled by ET was 0.05 mm 2 , i.e., approximately half the area of a complete AZ (Ferná ndez-Busnadiego et al., 2013), our data indicate an average of 10-12 docked SVs per hippocampal synapse. This is in line with previous studies, describing 3-4 docked SVs per WT spine synapse in 100-nm-thick hippocampal sections (Siksou et al., 2009) , and with estimates of 10 AZ-proximal SVs in brain synapses from aldehyde-fixed samples (Schikorski and Stevens, 1997) . Consistent with previous findings (Siksou et al., 2009; Weimer et al., 2006) , deletion of Munc13 family priming proteins, which completely eliminates the RRP (Varo- Figures 2I-2O ), which also correlates closely with corresponding RRP reductions in CAPS DKO neurons (Jockusch et al., 2007) (Table S4 and Figure S7 ). Taken together, our findings imply that membrane-attached, docked SVs comprise the RRP of primed SVs, whereas SVs further removed from the AZ do not. In support of this conclusion, the number of docked SVs in CTRL synapses (10-12) correlates well with calculated synaptic RRP sizes in cultured hippocampal neurons (Stevens and Tsujimoto, 1995) and stimulation of cultured neurons causes a specific decrease in the number of docked SVs at AZs, as shown in a recent study combining optogenetics and rapid HPF fixation (Watanabe et al., 2013) .
trans-SNARE Complex Assembly as the Molecular Basis of SV Docking and Priming
The molecular basis of SV docking and priming and the involvement of the SNARE complex and regulatory proteins like Syt-1 and CPXs in these processes have been the focus of intense debate. Many hypotheses pose that the primed SV state involves at least partially assembled trans-SNARE complexes (Rizo and Sü dhof, 2012) . This view has been challenged, based on the arguments that the capture of trans-SNARE complexes in vitro is difficult and that the biochemical and thermodynamic characteristics of SNARE complex assembly and SNARE-mediated fusion cannot easily be reconciled with the notion of the existence of stable, partially, or fully assembled SNARE complexes prior to Ca 2+ -triggered SV fusion (Jahn and Fasshauer, 2012) .
SNARE motifs of individual SNAREs in opposing membranes start to interact at a distance of 8 nm, SNARE zippering arrests at a distance of 2-4 nm (Li et al., 2007) , with 2 nm corresponding to the fully assembled SNARE bundle (Sutton et al., 1998) , and Fö rster resonance energy transfer between t-SNAREs and v-SNAREs during liposome fusion starts at intermembrane distances below 5 nm (van den Bogaart et al., 2011) . We used ET to resolve intermembrane distances with nm precision in tomograms with an isotropic voxel size of 1.6 nm and found that all three neuronal SNAREs are required for SV docking at a distance that is well below the maximum limit for trans-SNARE complex engagement (Figures 3 and 4) . The reductions in the number of docked SVs in individual SNARE mutant synapses (Figures 3 and 4) correlate well with corresponding changes in RRP sizes (Arancillo et al., 2013; Bronk et al., 2007; Schoch et al., 2001) (Table S4 and Figure S7 ). These findings indicate that SV docking and priming involve at least the partial assembly of SNARE complexes. That SV docking and priming are only incompletely abolished in Syb-2 or SNAP-25 KO neurons can be explained by the presence of SNARE paralogs (Bronk et al., 2007; Zimmermann et al., 2014) , as indicated by the upregulation of Syb-1 expression in glutamatergic Syb-2 KO synapses ( Figures 4O-4S ). The remaining docked SVs in Stx-1A KO/B YFP synapses can be explained by the residual expression of Stx-1B YFP in the mutant.
Syt-1 and CPXs Are Dispensable for SV Docking and Priming Syt-1 KO synapses exhibit decreased SV numbers within 40 nm of the AZ and a moderate reduction in the number of docked SVs ( Figures 6A-6H ). These findings are congruent with the fact that Syt-1 KO has only minor effects on the RRP (Geppert et al., 1994; Liu et al., 2009) and indicate an indirect effect of Syt-1 loss on SV docking. This may involve altered SV recycling in the absence of Syt-1 (Jorgensen et al., 1995) , a deficit in the tethering of SVs to the AZ that can potentially disrupt the refilling of the RRP of docked SVs, which would corroborate the effect of Syt-1 on liposome clustering (Araç et al., 2006; Seven et al., 2013) , or an increased rate of spontaneous SV fusion (Kerr et al., 2008) , which might contribute to the partial overall depletion of SVs and to the reduction in the number of docked SVs in Syt-1 KO synapses. CPX TKO synapses show no signs of altered SV distribution or docking ( Figures 6I-6P ), in line with earlier studies indicating unaltered RRP sizes in CPX-deficient neurons (Reim et al., 2001; Xue et al., 2008) . This indicates a postdocking/priming role of CPXs. Despite the similarities observed between C. elegans and mouse synapses that point toward an evolutionarily conserved mechanism of SV release (e.g., for Unc-13/ Munc13 or Unc-64/Syntaxin-1), our data on the role of CPXs in SV docking highlight species differences in the involvement of regulatory proteins. For instance, CPX-1 KO in C. elegans has severe effects on the numbers of total and docked SVs at neuromuscular junctions, possibly induced by an increase in spontaneous fusion events and consequent depletion of SV pools (Hobson et al., 2011) . In contrast, CPX-1 KO in Drosophila results in an increase in spontaneous release with no effect on the number of total and docked SVs at the neuromuscular junction (Huntwork and Littleton, 2007; Jorquera et al., 2012) . We found that loss of all murine CPXs expressed in the hippocampus affects neither SV docking nor the total numbers of SVs. This is in line with previous data showing that cultured mouse hippocampal neurons of CPX TKO mice do not exhibit an increase, but rather a small decrease, in mEPSC frequency (Xue et al., 2008) .
In summary, our data support the notion that in mouse hippocampal synapses, CPX facilitates SV fusion in a postdocking/ priming step. Such a role might involve the stabilization of partially assembled SNARE complexes in the docked/primed SV state. This would explain why the SV release probability, which is thought to be affected by the number of available SNARE complexes per SV (Arancillo et al., 2013) , is strongly reduced in the absence of CPXs (Xue et al., 2008) . However, different methods of triggering RRP release and different cell culture models have led to different results regarding the effects of CPX loss on the RRP (e.g., Xue et al., 2008 versus Yang et al., 2013 . In view of these findings, it was proposed that CPX activity conveys a highly fusogenic ''superprimed'' SV state , which, according to the present data, is not reflected by a different SV docking state but potentially becomes manifest at the level of SV release probability.
Tethering Steps Preceding SV Docking and Priming
Cryo-ET analyses of synaptosomal ultrastructure identified filaments tethering SVs at a distance of 10 nm from the AZ (Ferná ndez- Busnadiego et al., 2010) and led to the postulate that members of the RIM family of AZ scaffold and regulatory proteins are involved in this process (Ferná ndez-Busnadiego et al., 2013) . The notion that AZ scaffold proteins contribute to SV tethering is further supported by classical EM studies showing defects in the AZ recruitment (i.e., tethering) of SVs in aldehyde-fixed synapses lacking RIMs or Piccolo and Bassoon (Mukherjee et al., 2010) . In the present study, nondocked SVs accumulated at distances of 8-10 nm from the AZ in synapses lacking Munc13s ( Figures 2E and 2G ) and 4-8 nm from the AZ in synapses deficient for SNAP-25 ( Figures 3E and 3G ) or Syb-2 ( Figures 4E and 4G ). In contrast, synapses lacking CAPSs (Figure 2M) , Syt-1 (Figure 6E ), or synapses with reduced Stx-1 levels ( Figure 3M ) do not accumulate nondocked SVs near the AZ. These findings indicate an SV tethering process that precedes SV docking/priming, that does not require Munc13s, Syb-2, or SNAP-25, and that might involve CAPSs and Stx-1. Indeed, loss of UNC-18/Munc18-1, an essential regulator of Stx-1 function in SV fusion, and loss of the Stx-1 homolog UNC-64 in C. elegans have both been associated with a decreased number of nondocked SVs near AZs, i.e., in SV tethering (Gracheva et al., 2010) . We therefore propose that SVs are recruited to the AZ with the involvement of AZ components and become tethered in close AZ proximity (10 nm). Munc13s, CAPSs, and/or yet unknown interacting proteins might then enable SVs to approach to an 6 nm distance from the AZ prior to trans-SNARE interactions for final docking/priming. The capturing of SVs for final membrane attachment by Munc13s might be mediated via the Munc13/RIM/Rab3A interaction (Dulubova et al., 2005) , and Munc13s and CAPSs might then initiate or accelerate SNARE complex assembly via their interactions with Stx-1 (Khodthong et al., 2011; Ma et al., 2011 Ma et al., , 2013 Parsaud et al., 2013) .
Our analyses of SV docking in neurons are in conflict with the prevalent model for LDCV docking in chromaffin cells, where Syt-1 interactions with t-SNARE acceptor complexes are thought to mediate LDCV membrane attachment independently of Syb-2 (Borisovska et al., 2005; Gerber et al., 2008; de Wit et al., 2006 de Wit et al., , 2009 . However, the corresponding LDCV studies mainly employed chemical fixation and 2D-EM, where reliable detection of membrane attachment is more difficult than with ET due to the limited z resolution. In these studies, LDCVs not only failed to dock to the PM in Syt-1, Stx-1, or SNAP-25 KO chromaffin cells but also exhibited a change in the cumulative vesicle distribution within 100 nm of the PM (de Wit et al., 2006 (de Wit et al., , 2009 . This raises the possibility that the described docking deficit reflects an inability of LDCVs to be recruited and tethered to the PM upstream of final membrane attachment. Indeed, a recent study using HPF for EM of LDCV docking in PC12 cells demonstrated that proteolytic cleavage of Syb-2 causes a decrease in the number of docked LDCVs with no major changes in the number of membrane-proximal and possibly tethered vesicles (Wu et al., 2012) .
These data support a sequential model, according to which LDCVs are recruited or tethered to the PM, which-at least in chromaffin cells-might be primarily mediated by Syt-1 interactions with the t-SNARE acceptor complex and then become docked in a process that requires all three SNAREs, similar to the model that we propose here for the molecular steps preceding SV release in neurons. Such a Syt-1/t-SNARE-mediated tethering step, although apparently crucial for LDCV membrane recruitment in chromaffin cells, may be less critical in synapses due to the dense AZ protein network, which might employ alternative or additional mechanisms and proteins (e.g., RIMs [Ferná ndez-Busnadiego et al., 2013; Kaeser et al., 2011] , Bassoon, and Piccolo [Mukherjee et al., 2010] ) to recruit SVs in proximity to the AZ. Tables S5 and S6 list mouse lines, genotypes, and animal numbers used for 2D-EM and 3D-EM. Organotypic hippocampal slice cultures from mutants and CTRL littermates were prepared according to the interface method (Stoppini et al., 1991) and cultured as published (Kerr et al., 2008) . For details, see Supplemental Experimental Procedures.
EXPERIMENTAL PROCEDURES Mouse Lines and Hippocampal Organotypic Slice Cultures
Immunohistochemistry, Confocal Microscopy, and Image Processing and Analysis Organotypic hippocampal slices were processed for immunohistochemistry as published (Yoon et al., 2011) . Images were acquired with a Leica TCS-SP5 confocal microscope. Image processing and colocalization analyses were performed using ImageJ (National Institutes of Health). For details, also on the antibodies used, see Supplemental Experimental Procedures.
Western Blot Analysis
Antibodies and methods used for western blotting are described in Supplemental Experimental Procedures. Protein levels on western blots for Syt-4, Syt-7, and Syt-11 were determined by using the LI-COR Odyssey scanner and software (LI-COR Biosciences). Expression levels were normalized using Stx-1A/B as loading control.
HPF, FS, EM, and ET
Hippocampal slices were frozen in cryoprotectant (20% BSA in culture medium, 340 mOsm) using a HPM100 (Leica) HPF device and cryosubstituted in an EM AFS2 (Leica). For 2D analyses of synaptic morphology, electron micrographs were acquired with a transmission electron microscope (Zeiss LEO 912-Omega) operating at 80 kV. For 3D-ET analysis of SV docking, 200-nmthick sections were imaged in a JEM-2100 transmission electron microscope (JEOL) operating at 200 kV. Tomograms were reconstructed from tilt series using the IMOD package (Kremer et al., 1996) . Quantifications were performed blindly using ImageJ (National Institutes of Health). For details, see Supplemental Experimental Procedures.
Statistics
Statistical analyses were performed with GraphPad Prism (Version 6.00; GraphPad). To test for normality, we used the Kolmogorov-Smirnov test. Normally distributed data sets were compared by unpaired Student's t tests. For non-Gaussian data sets, the Mann-Whitney U test was used. Data are presented as mean and SEM (mean ± SEM).
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